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FOREWORD

This report was prepared by the Materials Engineering Branch, Materials
Applications Division, of the Air Force Materials Labcratory, under Project No. 7381,
"Materials Applications,” Task No, 738106, "Design Information Development." The
work was administered under the direction of the Air Force Materials Laboratory,
Research and Technology Division, Wright-Patterson Air Force Base, Ohio, Mr. G. L.
Denman was the project engineer, .

This report covers work accomplished from August 1963 to December 1964, The

manuscript was released by the authozr in August 1965 for publication as an RTD
technical report,

The author wishes to acknowledge the efforts of Mr., M.L. Minges in editing the
manuscript and of Mr. R.W. Farmer in making the thermogravimetric measurements,

This technical documentary report has been reviewed and is approved,
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W. P, CONRARDY, Chief
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Materials Applications Division
Air Force Materials Laboratory

i1

Rt R e




ERER g v,

Do BB R SRRy,

praaes

e - AT S PRy

P e .- a e A AT oA BT, W N sk et g
—_— " - - S e M -

APML~TR-65-279
ABSTRACT

The effects of thermal cycling and variable thermal historxy on the dimensionzl
behavior of reinforced plastic composites are presented, Thermal expangion was uged
as the primary fndependent variable in studying the wide variations in composite
dimensions with thermal treatment, collectively termed thermal hysteresis phenomenon,
The composites studied were those currently considered in structural and ablative
applications.

It has been found that the thermal expansion characteristics of a given com=
posite may vary by more than 100 percent in cycling between room temperature and
about 4009F, The most striking phenomena which is consistently cbserved is a decrease
in the expension coefficient to zero at about 200°F followed by an increase at higher
temperatures, Studies completed in analyzing this behavior included the following: ,
(1) internal stress behavior of the composite as reflected in tensile and flexural |
modulus characteristics, (2) second order transitions of the polymeric matrix, (3)
moisture absorpticn in the matrix, and (4) thermogravimetric analysis of the matrix
and composite, Correlations between analytical model predictions and experimental
performence were made on the various composites studied, Extensions of these models
in expiszining and estimating the dimensional behavior of other composite materials
are discusged,
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INTRODUCTION AND APPROACH

e ITAY

Reinforced plastic materials are being employed in ever increasing frequency
for various types of applications, both structurally and as ablatives for thermel
protection systems., Successful design with these materials is predicated on the
availability of property data and knowledge of the thermal and mechanical stabilicy
of the materials at elevated temperatures,
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In many applications, reinforced plastics are used as secondary structural §
members such as shrouds, fairings, and heat shields, To obtein successful joining
to a primary structural, very accurate prediction of the dimensfonal behavior through
knowledge of the thermal expansion characteristics is essential, Dimensional
stability as a function of time, temperature, and environment are of first order
importance in calculation of structural bond line stresses. Other congiderations
such as internal stress and thermal shock generate requirements for a complete under~
standing of the thermal expansion behavior of reinforced plastic materiais.

Mysator “a

A AN Dl el v e

Polymeric base composites for most aerospace applications are highly anisotropic

- which complicates the problem of accurately determining their properties. Typically

D a composite is fabricated from layers of woven fabric. The fabric 1is normally im=-
pregnated with 20 to 40 percent by weight of partially cured resin, Final molding
and curing is accomplished under pressure at elevated temperatures. A composite
formed in this manner is obviously anisotropic and since the polymeric matrix
generally has a coefficient of expansion about 20 times greater than the inorganic
reinforcements, variations in internal stress due to differential expansion become
very important, Since these stresses exist primarily in the plane of reinforcement
where the expansion is controlled by the reinforcement, it 1s important to define
principle directions in this plane, These are the warp and fill directions which
are parallel to the individual fibers., Por plain or square weave fabrics thege two
directions are identical and the term "parallel to reinforcement” applies to either
direction,

- In the direction normal te reinforcement the resin ie cont’nuous or semi~
continuous and therefore is predominate in determining the coefficient of expansion.
Any effects of resin weight loss or shrinkage due to polymerization will strongly
influence the expansion in this direction.

These and other complicating physical and chemical characteristics of polymeric
base composites lead to large discrepancies in the thermal expansion data reported
in the literature, Large cyclic variations in the coefficient of expansion have
been reported; however, the important processes which contribute to this phenomenon
have not been fully studied, This program was initiated to study these variations
in a thorough and systematic manner, To do this laminates of variable composition
were fabricated along with pure resin specimens, Complete material characterization |
with physical and mechanical property measuremente was made, Thermal history was
the primary independent variable although environmental effects were also considered.
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Some of the variables found to influence the thermal expansion of a given
material gystem include: percentage of each material in the composite, wetting
characteristics of the resin, fabrication parameters such as cure time and tempera- \
ture, debulking characteristics, residual i _.ernal stress state, moisture absorption,
and thermal history. Some of these effects are discussed in References 1, 2, 3, and
4, The effects of thermal cycling (Refe-2ncez 2 and 3) can be extremely important
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in terms of ‘esigning with these materials since the complete thermal expansion
characteristics cre represented by a family of curves in terms of the various param-
eters mentioned zbove,

Thermal cycling usually produces & hysteresis effect in thermal expansion versus
temperature, The hysteresis phenomenon appears as two basic types of cycles. 1In the
first a gradual decrease in the slope of the expansion-tempersture curve (coefficient
of expansion) on heating to or slightly above the maximum post-cure temperature is
cbgserved. The cooling curve in this case has a higher slope more typical of a com=
pletely stable composzite., The second type is manifested as a very sharp break or
dip 4n the heating curve at elevated temperatures. In this region the coefficient
of expansion decreases repidly and in some cases may become negative. At higher
temperatures the curve generally increases again to a typical value for the material.
The cooling curve is usually smooth with a slope nearly the same as that obtained
at the higher temperatures on heating, thus producing a hysteresis effect.

The first type of cycle described above is generally thought to be a result of
removal of volatiles from the matrix., These volatiles may be the result of addition-
al curing reaction or due to absorbed species such as water vapor. This effect is
largest in the direction normal in the reinforcement where the reésin expansion is
predominate,

In the direction parallel to reinforcement there have been several plausible
processes described to explain the sharp break in the curve and the hysteresis
effect, Pears {Reference 3) has suggested that the effect is due to undercured
resin since removal of volatiles and thus shrinkage of the resin occurs on heating.
For materials pust-cured at high temperatures the break or anomaly was considerably
reduced, Possible effects of discontinuous reinforcement were also suggested,
however, the results were not consistent enough to permit a more rigorous analysis.

Lazar (Reference 2) reported essentially the opposite findings. In subjecting
phenolic-glassg fiber materialsg to threas different post-cure conditions, it was found
that the expansion of the material with no post-cure was gractically linear while
the materials with post-cure temperatures of 325° and 450° showed a large anomaly in
the expansion curves at 300°F,

Lazar attributes this phenomenon to residual fnternal stresses that exist in
the laminate on cooling from post-cure temperature: There is said to be no mechanism
for stress relieving on cooling for post-cured materials whereas the unpost-cured
resin would not retain this residual stress. The large contraction of the resin on
cooling from initial post-cure temperature in relation to the glass fibers is the
source of residual stresses., The observed anomaly is said to be a result of stress
relieving due to loss of modulus or to softering of the matrix material at the second
order phagse transformation or glass transition temperature.

This program was initiated to investigate the above phenomenon through thermal
expansion testing of standard resin-reiunforcement systems under varying thermal and
eavironmental conditions, As discussed above the thermal history of plastic lami-
nates has a very pronounced effect on the thermal expansion characteristics. There=-
fore a systematic study of thermal expansion as a function of thermal cycling was
accomplished, The maximum temperature the materials were subjected to in this ther-
mal cycling was limited to the maximum post-cure temperature or slightly above to
reduce the effects of gross resin degradation. Environmental effects were considered
by first testing materials stored under very dry conditions at room temperature for

o ot et i e N
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perieds of time extending up to siy wonths., Effects of room temperstura stress
relieviag were studied in this memner,

Sincs removal of absorbed gases such &3 water vaper have been suggeated to have
{sporeant influences s the cxpansion charact2ariatics the materials were alss stored
mmdsy conditions of varying humidity bifore runcing expaunsion curves. Thermugravi~
- metric ansiyeis was wwd to invastigats material weight loss as a fuuction of thermal
* history in order to establish the effects of removal of volatiles from dry ssmples.

Fisxural strength and modulus were determined on samples conditioned under en~
vironments similar to the thermal expansion samples to study posszible structural
effects dus to thermal cycling, Tensile properties were measurad to provide informa-
tisn velevent o theoretical medels developed to predict thermal expansion behavior
of csmposites,

5 v metey e

MATERIALS

The hysteresis effects discussed above khave bgen found most significsnt for
composites with phenslic resins although it has been observed for other matrix me-
terials such as epoxy and phenyl silane resins, Continuous fabric type relnforce~
men¢ was selected due to its wide applications and was considered to best illustrate
effects of residusl stresses. Therefore, a glass fabric-phenvlic resin system was
selected as the primsry composite for investigatien, The amount of mechanicsl and
thermal property data available in the literature (References 5 and 6) was the basis
for selection of the individual ccmmercial materials, To investigate effects of
varylng resin and reinforcement systems, epoxy-glass fabric and phenolic-graphite
fabric were also studied.

Hysteresis effects due to either additicnal resin curing and/or residual
internal stresses are dependent on the totsl resin content of the compogite, There-
fore, the phenolic-glass fabric system was fabricated with three different resin
nercentages., Castings of the two resins (pherolic and epoxy) were obtained to pro-
vide information on the relative contribution of the individual composite constituents. t
The postecure temperatuve cycles for all materials was two hours at 200°F, and one
hour each at 250°, 300°, and 350°F., Teble 1 gives a brief description of the materi-
als and a summary of the measured physical properties and an index code to provide ;
ervss reference of each system. A complete description of each material with all
fahricatinon parametsrs end physical property test data 1s given in Appendix A,

R A

EXPERIMENTAL RESULTS

Thermal Expansion

The thermal expsnsion apparatus used in thiz investigation is shown in Figure 1,
It congiats of a quartz tube dilatometer with & linear variable differential trams«~
forner (LVDT) ss the displacement sensing element, Horizontal operation is uged in
place of the more conventicnal vertical mode to contrcl and minimize the cowmpressive
load on the specimen while maintaining precise siignment of the specimen, This

fsctor is particularly important at high temperature when the elastic modulus of the
laminates is very low.

s
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The quartz tube i¢ 7mm {nside diameter with a solld quartz plug fused fnto one
end, the gpecimen resting against the plug. A slot {5 cur near the plugged end to
allow direct plscement of thermocouplez on the sample. A 6mm diameter quartz vod
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iz inserted inte the tube s the push rod, with one end on the sample, the other
resting against the displacement transducer. The quartz tube is clamped st the cold
end with a brass collar, The LVDT and execiter-demodulstor package provide a D=C
miilivolt gignal to the Y axis of & Varianm X~Y recorder., The signal from the LVDT
is proportional to the position of the ferrommgnetic core of the transformer which
is of course equal to the expansion of the specimen minus the expaznsicn of quartsz,

FETBESSIRY LB TS ey e s i

Two specimen thermscouples are used, the output of one connected divactly to the
X-axis of the recorder, the cutput of the other tc the heating rate control circuilt,
The thermocouples are inbedded in small holes drilled radizlly in ¢he sample, The
control signal fs the sum of the thermocouple voltage and a continuously varying
voltage cbtained from a motor driven precision potentiometer, This eignal is fed to
a saturable core reactor temperature controller, With this system & controlled heat-

: ing rate is cbtained vhich can be varied from about %°F per minste to sbout 5OF minute.
In this work the normal heating rate was 1~%°F per minute.

To study effects of temperature gradient, a sawple was instrimented with several
thermocouples, placed both internally and onm the surface at several points aleng the :
- length of the sample., Heating rates less thanm about 2°F per minute were found to
result in lese than 3°F meximum temperature differences in the sample, Effects of
. nonequilibrium due to polymerization and removal of volatilee were also studied by
interrupting tha heating process, then holding the sample at constant temperature,
For most materials the effests were negligible except above maxiwmum post-cure tom—

s LG

¥ perature. In this range the expansion would drop about 10 percent vwhen holding at

% constant temperature for several hours., Larger effects were observed on samples

‘ stored under high humidity and on the pure phenciic resin samples during the initial
¥ heating cycle, Some of these effects are reported along witheconstant heating rate
B data, A complete description of the design, calibration, and operation of the

] diistometer is given in Reference 7. As reported, the maximum probable error of the

& dilatometer is about l-) percent for the temperature range used in this work.

? The samples were stored in a desiccater to eliminate large amounts of absorbed
water vapor, Several samples were tested in this "dry" condition over a period of
time extending from several weeks to about six months after fabrication. Figures 2,
3, and 4 show the vesults parallel to reinforcement for the phemolic-glass materials,
A-1, A-2, and A-3 respectively. Samples number 1, 2, and 3 indicate increasing stor-
age time spanniag the above time interval,

CEER LR RN, ey

Sample number ome for each material shows a significant anomaly between 200° to
. 300°F., In each case the slope of the curve decreases rapidly add for the A-1 mate-
rial the slope is highly negative in this temperature range., Samples number 2 and 3
show very little hyateresis in this range which would indicate possible effects of
aging at room temperature,

To investigate the effects of thermal cycling on dry phenolic-glass samples the
thermal expansion of sample number one of each material was repeated several times.
The results sre showrp in Figures 5, 6, and 7 with only the heating portion of the
cycles plotted, As showm, the repeated runs are practically linear with pun number
2 for the A=l and A~3 materiels showing a slight dip in the curve near 200°F, The
trend for the curves to becoze smooth on repeated cycling as repozted by other
investigactors was confirmed., The cooling curves for the repeated beatings are not
shown since they woere egsentizlly the same as the heating curves, indicating very
little hyateresis effects,
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The ssmple length and weight were recorded before and after each thermal
ezpsusion test. In all cases the final measured net change in length was the same
as recorded by the dilatometer, thus indicsting that the transducer was accurately
foliowing the rather drastic changes in length,

The thermal expansion results normal to the plane of the reinforcement for ma-
terizls A-1, A-2, and A-3 are shown in Figure 8. The initial hesting indicates e
significant hysteresis effect, increasing with increasing resin content as expected
since, in this direction, the expansion of the resin is predominate. The expansion
vesulte for pure resin castings of the 91-LD phenolic (A-4) used in materials A-l,
A-2, and A-3 are shown in Figure 9. The initial heating showed very severe effects
with the final specimen length decreased by more than the total expansion obtained
at 400°F on repeated heating. The results shown are an average of three samples with
the maximum deviation betwsen samples being sumall,

The thermal expansion of material A-6 (phenolic-graphite fabric) is shown in
Figure 10 for doth the normal and parallel directions. In the normal direction
effects of resin contraction are clearly shown., The material appears to be very
stable in the direction parallel to reinforcement.

Thermal oxpanefon of material A-7 (epoxy~glass fabric) in the direction parallel
to reinforcement is shown in Figure 11, In the parallel to fabric direction the
curve breaks gharply at about 275°F, This material provided some very interesting
results and will be coverad in some detail in the discussion secticn below,

Thermal expansion of the pure epoxy casting (material A-8) is shown in Figure 12,
A large and rather sharp change in slope occurred at about 300°F during the first
cycle, Repeated cycles were smooth with only slight hysteresis effects,

In order to investigate the ¢ffects of moisture absorption on the phenolic glass
materials, samples were stored at various humidity levels prior to thermal expansion
tests, The humidity levels used weve 0, 30, 60, and 90 percent. These were obtained
by suspending the gemples above solutions of glycerol and water in a closed container
at room temperature, The percent by weight glycerol required for the various
hunidities was determired from Reference 8, The results of the thermal expansion
tests at varicus humidities paraliel to reinforcement are shown in Figures 13, 14,
and 15 for materfal A-l, A~Z, and A-3, regpectively. The effect is demonstrated
vexry clearly in Figure 12 for material A~l, Obviously a significant amount of water
was removed from the specimen between room temperature and about 200°F when the
samples had been conditioned at high humidity. The other two materials did not show
the large dip; rather the slope or coefficient of expansion was decreased,

Mechanical Properties

The voom temperature mechanical properties of each material were measured by
the material fabricater and the resulta are given in Table 1., Each property value
is the average of five specimens, All test methods were in accordance with Federal
Specification L=P=405,

Several samples of each natdrial vere placed in the thermal expansion furnace
and thermal cyclad In the same manner as 2 normal thermal expansion heating. Subse~
quent room temperagure flexural testg were obtained., The results indicated no
significant effect since zll values fell within the deviation of the average values
given in Table 1., Sufficient samples were nol available to perform a stati. tical
analysis of possible effects,
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Since the alastic modulus of the matrix is extremely impertzut in analysis of
the dimensfonal behavicor of compcsites, temsile tests were performed on the two pure
resin materials (4-4 and 4-8) st elsvated temperatures, The results are shown in
Figure 16,

Thermogravimetric Analysis (ICA)

TGA tests were performed on two of the materisls (A-2 and A-4) used in this
investigation, Since tha TGA results can be a very stromg function of sample
geometry, the datas was obtained for ¥6d type damples of approximately the same size
as the thermal expansion samples, The apparatus used for these measurements is de-
scribed in Reference 9, Heating rates were similar to those vsed in the thermal
expansion tests. Results for the A=2 phenolic-glass and the A~4 phenolic casting are
shown in Figure 17, )

© TR 0 A Yoo
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DISCUSSION

As previously mentioned there are two probable causes for the anomalies and
hysteresis effects observed in Figures 2 through 8, OCne cause was additional polyn=
erization or curing of the resin, resulting in loss of volatile components and
shrinkage of the matrix, The other cause is based on internal stress variations as
a regult of the extreme differences in the coefficient of expansion of the resin and
reinforcement,

Consideration of effects of additional resin curing can lead to partial explana-
tion of the ancmalies in the thermal expansion curves, cConsidering the first tem-
perature cycle in Figure 9 (A-4 pure phenolic resin) we note a very large con-
traction or shrinksge nesr 250°F, If this shrinkage is typical of the resin in
lami{nate form suth as the A=1, A=2, or A=3 materialg, the effect should be detected
in all directions with the effect parallel to reinforcement reduced somewhat by the
restraint 2f the glass fibere. However, the phenolic casting used in this program
is considered to be conaiderably undercured as reflected in the hardness and strength
values given in Tabla 1, The TGA results showa in Figure 17 also indicate a dis-
proportionate loss in weight of the A=4 material compared to the A-2 laminate, The
A~4 material was cured under high pressure and it has been suggested (Reference 10)
that full curing does not occur under these conditicas.

AR 7 s L TR Y s e S, FRAD DRGNS REARCE I T S Y e e
.

The thermal expansion results reported by Lazar for umpost-cured phenolic-glass
composite are rather unusual, An essentially constant ccefficient of expansion for
: the unpost-cured material from room temperature to about 470°F was reported. Although
the exact material and infitfal cure cycles were not reported, unpost~cured or even
moderately post-cured phenclic resin is not normally dimensionally stable. This fact
is evident from the results on the A-4 material used in this program, -

R A

y .Expansion results in the normal direction for the three phenolic-glass materials
' should:be more indicative of shrinkage of the cesin system in the laminate. As shown

ir Pigure 8 the observed shrinkage is slight with the exception of the A~3 material,

This is as expected since the materials increase in resin content from A-1 to A-3,

§ These results are not consistent with the cbgerved anomaly in the paraliel to rein-
4 forcement direction since the magnitude of the hysteresis is largest for the A-l
2 material, Therefore, it is difficult to attribute the total of the anomaly to effects
L of resin shrinksge due to additional curing.
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The internal stress considrrations discussed by Lazar are based on resin soften=~
ing at the second order transition temperature of the resin, However, if the resin
modulus is reduced sufficientiy to allow stress relieving as suggested, the expan~
sion properties at higher temperatures would not be characteristic of a restrained
fiber nomposite; Rather, the results should indicate the expansion of either un~
restrained resin or glass fibers depending on the ccmpression stress applied to the
material under test, The higher temperature (above 30“°F) expansion results on the
phenolic-glass materials used in this program do not indicate an unrestrained system.
The coefficient of expansion above 300°F is essentialiy the same ag the initial value
near room temperature,

To analyze possible effects of residual internal stresses as reflected in the
parallel to reinforcement expansion anomaly, it is important to describe the stress
state at room temperature, Since primary bonding of the resin and fibers probably
takes place during fabrication at a temperature between 250° and 350°F for phenolic
resing; on cooling, any differential dimensional changes between the resin and rein-
forcement will contribute to internal stress, ©f course, the difference between the
coefficient of expansion of resin and reinforcement will contribute to residusl
internal stress and for a phenolic~-glass system this contribution will be large since
the coefficients differ by a factor of about 20, Resin shrinkage due to curing after
primary bonding will also contribute to residual stresses, The stresses of primary
interest in this analysis are compression in the fibers and axial tension in the
resin below curing t-mperature,

Malta and Qutwater (Reference 11) have shown that residual stresses are not
relieved on conditioning at room temperature, at least for the model used in their
investigation., Here the model was one of radial temsile stress Iin the resin at the
gla-s interface assuming the resin to be completely surrounded by glass fibers.
Although this model has limitations, the fact that the stresses were not relieved
is significant, The application of these results to other stress states in the
resin are discussed by H. V. Boening in the same reference.

On composite heating, as during an initial thermal expansion test, the residual
tensile stresses in the matrix will be reduced and finally relieved due to much
larger expansion of the resin than of the reinforcement as discussed above, There
must exist a temperature range at which, on the average, there is a zero axial stress
between resin and fibers. This temperature may or may not be the temperature range
at which primary bonding occurred. If tne residual stresses are such that the
proportional limit of the resin is not exceeded, then the "zero stress temperature"
will be near the bonding temperature.

The magnitude of the residual stresses may be estimated by using an expression
similar to the equation derived below in conjunction with prediction of thermal
expansion of composites.

(aM~aF)AT
m

M r Ym
[Em vF EF

oh = tensile stress, psi

where,

a = coefficient of expansion, in./in,/°F
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v = volume fracticn
E = glastic modulus, psi
AT = change in temperature, °F
M,F = subscripts for matrix and reinforcement, respectively

Using typieal values for the physical properties of phenolic and glass fibers
given in Table 2 in a system of 50 perceat by volume reinforcement (vr,- 0.25 since

only half of fibers are active in ejther warp or fill directions), the residual
tensile stress in the resin at room temperature would be about 1200 psi. From ten-
sile strength measurements, the yield strength of the A~4 phenolic resin is estimated
to be above 1200 psi, Although the yield strength and residual stresses should be
computed at intermediate temperatures, it is doubiful that any yielding will occaur.
Lack of proper strength data prevents a rigorous study of this effect,

The zero stress temperature will probably be between 250° and 350°F, As the
material i1s heated through this temperature range c¢n the first cycle after post-
curing, the dimensioual behavior of the laminate may be strongly affected by an
inversion of stresseg., That is, below this temperature the fibers are in compression
and above the fibers will be in tension., The effect would occur over a fairly large
temperature range since obviously the bonding of each fiber is not identicil,

The observed anomaly for dry samples is probably a combination of redistzribution
of strésses as deacribed above and reein shrinkage due to further curing, This is

opposed to effects of stress relieving due to resin softening at the glass transition
tempersture,

Figures 2, 3, and 4 provide evidence that prolonged storage at room temperature
will result in stress welieving. For each of the phenolic-glass materials the
anomaly discussed above was strongly evident for the samples run within a few weeks
after fabrication., On storage for several months the anomaly was not observed to
any significant extent, The results normal to fabric reinforcement were not

affected; thue eliminating possible effects of significant loss of trapped volatiles
in the materials,

Figures 5, 6, and 7 indicate that stress relieving occurs on heating to or above
the maximum cure temperature. In each case the repeated thermal expansion tests on
the same sample resulted in smooth and unbroken curves.

The results for the A-7 material (epoxy-fiberglass) parallel to reinforcement
shown in Figure 11 ig considered to be an example of a system where resin softening
results in expansion of an unrestrained two phase eystem, At 275°F the curve bends
over sharply and above this temperature the expansion is essentially equal to the
expansion of the "E" glass reinforcement, It is felt that the compressive load on
the specimens in the dilatome.er is sufficient to deform the resin at this tempera-
ture, Very little hysteresis is observed as the cooling curve follows the general
shape of the heating curve, These results were duplicated for several samples and
were unchanged with repeated cycling with a given sample.
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Humidity Effects

The effects of conditioning the three phenolic-glass materials (A-1, A-2, and

A-3) at various humidity levels are clearly demonstrated in Figures 13, 14, and 15,
In general all samples used in these tests had at least one prior temperature cycle
in the expansion apparatus, Therefore, possible effects from residual stresses and
resin cure should not be involved. The weight and length of each sample was recorded
before and after thermal expansion teste, The dry weight and length after each test
wvas esaentially the same, thus indicating that materials were stable in this tempera-
ture range on repeated cycling.

As shown in Figure 12, material A~1l is very strongly affected by conditioning
at high humidities compared to the other two phenolic-glass materials. This 1s
attributed to the rather high void content of the A-l material which is typical of
laminates with less than 25 percent re-~in content, Void content of each material is
given in Table 1.

Thermal exzpansion of samples containing large amounts of moisture is dependent
on heating rate. This was not investigated to large extent, but in general, low
heating rates shift the minimum in the curve to lower temperatures while high heating
rates shift it to higher temperatures. The greatest significance of the effects of
humidity conditioning is the change in the average coefficient of expamsion over the
temperature range of 75° to 400°F. For the A-1 material the dry sample has an aver-

age coeificient of about 5.1 x 10"6 in,/in,/°F, whereas the samples conditioned at
high humidity have an average value of about 1.8 x 10"6 in./in./°F,

Expansion Phenomenon in Fiber~Reinforced Composites

For fiber-reinforced composites the most reasonable model to use in studying the
thermal expansion in the direction parallel to fibers is one of stress equilibrium
between matrix and reinf rcement in composite systems, If good wetting and bonding
exists between matrix and fibers, this model shculd adequately describe the stresses
produced from differential expansion between matrix and reinforcement. An element of
matrix and fiber is showm in Figure 18, with Figure 18a showing the system in initial
stress equilibriun at a given temperature.

Figure 18b shows the system for a change in temperature 3T, with unrestrained
expansion of matrix and £iber. Figure 18c indicates the final stress of equilibrium
position, asauming good bonding between resin and fiber,
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As indicated in Figure 18:

€, te = 8£M~5LF=(QM—QF)BT

where
M = coefficient of expangion of matrix
IF = coefficient of expansion of fiber

Asguming purely elastic strain,

= 2
€T E
where

o = stress, psi

E = modulus of elasticity, psi

for stress equilibrium

a'MAM' O'FAF
from Equations 1 and 3
] (aM—aF)ST
o. =
Foo_L L (AF
Ep Em(AM)
from Figure 18
= B
8£C-8Q,F+ E
then
o ca 4 (aM—aF)
c F EF A
F
+HE))
M M

a

c = coefficient of expansion of composite.

(1)

(2)

(3)

(4)

(S}

For square weave fabric type reinforcement oanly half of the fibers are active

in one direction, therefore:

1]

vhere
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?? = yvolume percent of reinforcement

Yy~ volume percent of matrix

then

(e, —a.}
a. za_+ "é F 16)

T ()R

The implicit sssumption that the fibers are straight and parallel obviously does
not hold exactly in fabric type reinforcements., However, since the lateral displace-~
ment of fibers due to weaving is small in comparison to fiber length, the errors
should be small, The assumption of pure tensile and compressive stress in the datrix
and fibers is reasonable since the fibers are long and the shear stresses are maxi~
mum at fiber ends as discussed in Reference 12,

The condition of elastic deformation in the matrix as given by Equation 2 nay
be limiting for polymeric materials, This is especially true at elevated tempera-
tures, as above the glass transition temperature of phenolic resins.

For the materials considered in this investigation the necessary condition of
goocd bonding between matrix and fibers is satisfied ag indicated by the high strength
levels of the composites.,

The above model should be modified for fabric type reiunforcements since biaxial
stress is involved, As a first approximation the strain in the matrix in both
directions parallel to fibers should be reduced by a factor of (1~-p}, The coeffi~-
cleat of expansion in either warp or £ill direction then becomes:

(a. —a.)
e =a. + M_F (7)

T () )

€ M

In the absence of accurate values for Poisson's ratio the calculations were
baged on Equation 6,

The material properties used in the calculations are giﬁ%n in Table 2, The
calculated values of coefficient of expansion at room temperature agreed very well
with measured values; the comparison is shown in Figure 19, However, at elevated
temperatures the comparison is not favorable, For the A~2 material at 200°F a value

of 3.0 x 10"6 in./in./°F is obtained from Equation 6 but the measured value is about

5.4 x 10"6 in./in./°P. The calculated value i3 based on a temperature dependence of
elastic modulus of the resin as given in Figure 16, This measured temperature
dependence of alastic modulus is not considered to be correct for the resin in
matrix form in the composite, The measured modulus on resin cestings (Figure 16)

at 300°7 i essentially zero, which indicates that the composite should expand as
an unrestrained system of resin and fibers, High temperature expansion resulis d:
not indicate & free system of this typa.
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It has been suggested (Reference 13) that matrix material in composites sxhibit
an effective modulus which can be considerably higher than bulk material modulus.
This phenomenon is said to be a result of reduced lateral strain, that is, under
axial tension or compression the thin film of matrix between fibers is restricted
normal to fibers. The interfacial energy or bond strength, is considered to be the
source of restraint. Under these conditions, Poisson's ratio is not applicable and
the matrix strength and modulus are effectively increased. This phenomenon along
with possible effects resulting from different fabrication conditions of the A-4
casting and the various laminates is considered to be a gsource of errxor im the high
temperature modulus values.

CONCLUSIONS

Based on the discussion of the experimental results just given the following
conclugions are drawn,

1. The dimensional stability of reinforced plastics, as reflected in thermal
expansion properties, was shown to be extremely seasitive to thermal history and
environmental conditioning., Samples of glass fabric reinforced phenolic composites
conditioned in a dry environment at room temperature were found to have large non~
linear variations in thermal expansiop at elevated temperatures, This phenomenon
was attributed to two effects, the first being loss of volatiles from the material

as a result of further high temperature curing of the resin., The second contributing

effect is the result of internal stress variation between the matrix and reinforce-
ment. An inversion of these stresses at elevated temperatures results in erratic
thermal expansion behavier. In general, these effects were less pronounced after
repeated thermal cycling of a given sample, thus showing an “annealing" effect.
Room temperature aging for prolonged periods also affected the expansion character-
istics.

2, Thermal cycling produced no substantial change in the mechanical properties
of the laminates studied and thus it was concluded that nc gross changes in struc~
tural characteristics occurred,

3., Thermal expansion data on samples conditioned at several room temperature
humidity levels yielded instantaneous coefficients of expansion which varied from

about 5 x 10"6 to =5 x 10'6in./1u./°F. Since the magnitude as well as the sign of
the coefficient change it is clear that an average value for the coefficient over
large temperature ranges has little or no practical significance and should not be
used for design calculations. The void content appears to be the most gsignificant
factor in controlling the magnitude of humidity or wmolsture effects, Void distribu-
tion would also be extremely important; however, this could not be correlated with
the samples used in this program. To quantitatively assesa this effect it would be
necessary to fabricate sampies with known and controlled void content and void
distribution,

4, Analytical models for predicting the coefficient of expansion were employed
in corxrelation of the experimental data, At room temperature the agreement was
vary good especially in terms of the dependence of 2xpansion con the resin content
of the compesite system. The failure of the models to give the proper magnitude of
the coefficient of expansion at higher femperatures is attributed to discrepaucies
in elestic modulus of the resin. It was concluded that the elastic constants meag~
ured on bulk resin castings were not the correct values for the thin film of resin
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as found in composites, The quantitative validity of this conclusion would have to
be substantiated by preparing semples with high resin content (60 to b0Z), using
single filament reinforcement, In this manner the resin would no longer d2 inm thin

fils form and the properties of the resin should compare favorably with those
weasured on bulk resin casting.

5. To igsolate effects of volatile loss and effects of internal stress varia-
tions it would be necessary to prepare samples with very accurately controlled cure
conditions., A perawetric study of cure temperature and time would yield information
on the nature of the internal stress variations as reflected in thermal expansion

snomalies, Detailed thermogravimetry would help resolve effecta of resin cure and
volstile losses.
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APPENDIX A
MATERIALS
Material Fabrication

The materials uged in this investigation were fabricated and machined by the
Ho I. Thompson Fiber Glass Company under Contract AF 33(657)~11164., Resin systems
included a high-temperature MIL~-R~9299 phenclic resin manufactured by Cincinmati
Testing Laboratories, and marketed under the trade name of C.,T.,L. 91-LD, This
resin was taken from a single lot supplied by American Reinforced Plastics, West
Coast Distributors. Specific nomenclature and identification data is summarized
in Table 3. The epoxy system was Shell Chemical's Epon 828, catalyzed with an
aromatic cmine mixture, B-3, This epoxy system is an intermediate cure system
which facilitated the casting of the pure resin units, Latent cure-heat activated
catalyst systems were not emplcyed due to the high probability of excessive voids
caused by the increased exothermic reaction rate at elevated temperatures.

The fiberglass cloth was of the commercial designation “112," a plain taffeta
weave with a mean count of 40 warp yarns by 39 £fill yarns., The 1i2 fiberglass em-
ployed with the 91-LD phenolic was finished with amine-type vinyl silane, commer-
cially designated as A-1100 finish, The 112 fiberglass used in conjunction with
the epoxy resin system was finished with methacrylate chromic chloride, commercially
designated as Volan-A finish, in conformance with MIL-F-9084-A requirements. The
method of impregnation utilized was the dip, £low, and metering method currently
employed as state-of-the-art technology in commercial coating and impregnating

facilitias,

The "B" stage temperature is dependent upon the mass of the matrix matericl,
resin content, and type of B stage desired. The glass reinforced phenolic materials
were B staged at 200°F, varying time in heat to compensate for differences in resin
content, The graphite reinforced phenolic material was staged at a slightly higher
temperature of 220°F to compensate for the increase in mass and to maintain a simi-
lar staging cycle for the same resin content, The glass reinforced epoxy was staged
at room temperature for 18 hours prior to laminating.

The predetermined number of plies were cut from each of the impregnated materials
and stacked in an unnested position for laminating, Each of the thermal laminates
was fitted with a thermocouple located at one~fourth the total leminate thickness,
for a more precise monitoring of the laminate thermal history. Ultimate cure tem-
perature cycles of three hours at 200°FP, and one hour each at 2509, and 300°, and
3509F were used.

During the lsminating cycle, laminating pressures were increased in 50 psi in-
crement until a maximum pressure of 500 psi was obtr.ned prior to laminate gelation.
Laminates were cooled uuder maximum pressure until temperatures of 100° :100F were
obtsained,

The laminates were cut on an industrial dismond %z prior to further processing.
The physical test specimens were sanded on edge surfaces to produce a "true" edge.
Thermal expansion specimens were cut to rough blocke (approximately ¥ inch squsre)
prior to machining to 0.240 inch 0,D. cylinders. Machining was accomplished on a
gnall engine lathe equipped with 2 tool post grinder and a diamond grinding wheel.
The faed and cutting rates were asdjusted to produce negligible frictiomal heating,
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The phenolic and epoxy resin systems were preformed prior to ultimate cure,
The 91-1D phenolic resin was extremely sensitive to crazing and void fermation during
the cure cycle, This problem, related only te the 91-LD phenolic, was alleviated by
first evacuating the resinous solution at rocam temperature and then subjecting the
evacuated material to low temperatures of 140° to 156°F for extended times to produce
the phenolic preformas. The degree of cure was approximated by the shore "D" hardness
test, and the preforms were removed from the oven when a reading of 50 %5 was ob-
tained,

The ultimate cure for the epoxy resin billets was obtained by a standatd oven
cycle of three hours at 200°F, and one hour each at 250°. 300°, snd 350°F,

Ultimate cure of the phenolic billets was a more complex problem, particularly
in the areas of residual stresses and void formations that occur during ultimate
cure, Curing and cooling under high pressures tend to minimize the internal stress-
es and void formations. Optimum clarity and lasminate quality were obtained by
compression-molding the 91-LD pheunclic preforms. Crushed and ground phenolic powders
were also successfully molded, but these parts have two basic limitations: (1) they
are not optically clear, and (2) certain impurities are obtaived in the grinding
process, which are difficulc to e¢liminate,

The phenolic resin billet utilized a cast resin preform fitted with an embedded
thermocouple. The billet was molded at 1000 psi under the required standard cure
cycie of three hours at 200°F and one hour each at 2509, 300° » and 350°?, The resin
billet apparently did not reach ultimsate cure undex this cycle, as indicated by the
zero barcol reading. A shore "D hardness test was vun and found to be 82 on this
scale,

Physical Property Measurements

The specific gravity and density determinations were performed on randomly
selected aspecimens from the thermal laminates and castings, in accordance with
Federal Standard No., 406, Method 5011, The results are summarized in Table 1.

The ratio of resin to the total of resin and reinforcement is defined as the

percent laminate resin content and is determined experimentally from randomly selected

laminate specimens, To determine the resin content it is necessary to remove organic
materials by ignition at 1000° * 50°F until the weight of the remaining inorganic
materiel is stabilized, The laminate resin content for the phenolic coated graphite
materials was determined by calculating the theoretical raw cloth weight, and utiliz-
ing thig as the final weight value in calculating the resin content. The isw cloth
weight was determined experimentally by finding the average weight per square inch

from large samples of the uncoated graphite cloth. This method is subject to materia.

weight variation errors inherent in the base material, but is a realistic measure-
ment when determined from large samples,

The degree of material hardness, or degree of polymerization, was determined for
each of the materials with a calibrated Barber-Coleman Barcol Hardness Tester, A
nininum of five determinations was taken on each of the prescribed materials, aver-~
aged, and the results tabulated in Table 1,

The specimens for vold content determinations were selected from areas of the
leminates in such a wanner as to be adjacent to and representative of the thermal
expausior specimens, The vold content was deter.uined from photomicrographs with the
sampling technique described below,
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The ar=2a of a single cbservation is approximately 17 square millimeters umder
350X magnification. It would be desirable to cbtain an infinite number of obgerva-
tions, but this is not practical. Therafore, sampling plan was selected to yiecld
five observations from each of two leminate surfaces for the composite laminates,
and five observations from a single plane for the cast resin specimens. The sampling
plan was develeoped by initially determining the x and y tramsversing range of the
instrument. From these ranges a grid system was designed and assigned sequential
numerical identification for all blocks. Observation blocks were selected from &
random~pumber table, with the x and y cocrdinates located at the midpoint of the
bleck., This block dasign was followed for &ll observations.

The photomicrograph determinations were performed on a Bausch and Lomb Metallo-
graph, with the objective lens of 21.0 and oculars of 10.0 maintaining a Bellows
distance of 30,5 centimeters for a total 350X magnification for the void content

determinations, Polarized illumination proved to yleld the optimum data for these
determinations,

The microphotographs were enlarged to 1000X magnification, or four times their
original size to facilitate void analysis. The number and size of voids were de-
termined for each of the observatione, then were tabulated and averaged to yleld the
void content. Representative photomicrographs of each material are shown in Pigures
20 and 21, The results are summarized in Table 1.
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Photomicrographs of Materials A-6, A-7, and A-8 (350X)

Figuve 21,
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